Objective: Insulin-like growth factor-I (IGF-I) has been suggested to be a prognostic marker for the development of cancer and, more recently, cardiovascular disease. These diseases are closely linked to obesity, but reports of the association of IGF-I with measures of obesity are divergent. In this study, we assessed the association of age-dependent IGF-I standard deviation scores with body mass index (BMI) and intra-abdominal fat accumulation in a large population. Design: A cross-sectional, epidemiological study. Methods: IGF-I levels were measured with an automated chemiluminescence assay system in 6282 patients from the DETECT study. Weight, height, and waist and hip circumference were measured according to the written instructions. Standard deviation scores (SDS), correcting IGF-I levels for age, were calculated and were used for further analyses. Results: An inverse U-shaped association of IGF-I SDS with BMI, waist circumference, and the ratio of waist circumference to height was found. BMI was positively associated with IGF-I SDS in normal weight subjects, and negatively associated in obese subjects. The highest mean IGF-I SDS were seen at a BMI of 22.5 -25 kg/m 2 in men (þ0.08), and at a BMI of 27.5-30 kg/m 2 in women (þ 0.21). Multiple linear regression models, controlling for different diseases, medications and risk conditions, revealed a significant negative association of BMI with IGF-I SDS. BMI contributed most to the additional explained variance to the other health conditions. Conclusions: IGF-I standard deviation scores are decreased in obesity and underweight subjects. These interactions should be taken into account when analyzing the association of IGF-I with diseases and risk conditions.
Introduction
Insulin-like growth factor-I (IGF-I) plays a major role in regulating cell growth and differentiation and is a major mediator of the various effects of growth hormone (GH). In consequence, serum levels of IGF-I are often used to assess the status of the GH axis (1 -4) and, in consequence, IGF-I has been established as a useful marker for monitoring GH substitution in GHdeficient states (5) and for monitoring treatment effects in acromegaly (4) .
In addition to these well established applications, several recent studies have provided evidence that IGF-I levels are positively associated with the risk for certain malignancies (6, 7) and negatively associated with cardiovascular risk factors and diseases (8 -11) . Although the relationship between IGF-I and cardiovascular disease remains inconclusive, with other studies showing detrimental effects of IGF-I on cardiovascular risk (12 -14) , these data clearly demonstrate that IGF-I is no longer a marker exclusively used for the diagnosis and follow-up of patients with disorders of GH secretion, but is of interest in many other diseases such as malignancies and cardiovascular disorders.
Since obesity is often causally involved in the pathogenesis of these diseases, it is crucial to characterize precisely a possible association of IGF-I levels with nutritional status before discussing a causal link between IGF-I and various disease states. In conditions of underweight such as anorexia nervosa or cachexia, decreased IGF-I and increased GH levels due to GH insensitivity are found (15) (16) (17) (18) . Obesity is characterized by blunted GH secretion (16, 19) but reports of IGF-I levels in obese subjects are divergent. Some authors have reported decreased levels of IGF-I (20) (21) (22) , while others have found normal levels (23) (24) (25) , which could be due to an increased GH sensitivity in obese subjects (25) . Negative correlations of IGF-I levels to visceral fat areas, assessed by computed tomography scan (23, 26, 27) have been reported even in the absence of significant correlations between body mass index (BMI) and IGF-I (23) , suggesting that the amount of visceral fat is an important determinant of IGF-I levels.
Since all available studies about the association between obesity and IGF-I levels have been conducted in small populations, the present study aimed to assess this question in a population of more than 6000 subjects participating in the DETECT study, a large multistage cross-sectional study in Germany. To minimize the influence of age, IGF-I levels were measured with an automated immunoassay system, for which recent agedependent reference values in a large cohort of normalweight healthy subjects have been published (29) , and were expressed as standard deviation scores (SDS).
Subjects and methods

Subjects
The study was approved by the local ethics committee and all patients gave written informed consent. IGF-I was measured in 3723 women and 2559 men, a random sample from the DETECT study, representative of the total DETECT population.
DETECT is a large multistage cross-sectional study of 55 518 unselected consecutive patients (59% women and 41% men; over 17 years of age) in 3188 primary care offices in Germany, with a prospective 12-month component in a random subset of 7519 patients, characterized additionally by an extensive standardized laboratory program with focus on cardiovascular (CV) risk assessment. Patients' self-assessments and physicians' assessments of each patient were obtained. Table 1 
Instruments and measurements
Physicians' diagnoses were classified as definite, possible or not present, and current medication was recorded. In the case of diabetes, type 1 or type 2 was indicated. Laboratory values, obtained in the central laboratory in Graz, were additionally used for the diagnosis of dyslipidemia. Doctors were advised to measure weight, height, blood pressure, and waist and hip circumference according to the manual instructions. Systolic and diastolic blood pressures were measured by indirect cuff sphygmomanometry after several minutes of rest in the sitting position. Waist circumference (WC) was measured with a tape measure midway between the lowest rib and the pelvis; hip circumference (HC) was measured at the widest circumference of the hip. The following anthropometric parameters were calculated: BMI, WC (in cm), HC (in cm), waist-to-hip ratio (WHR) (WC divided by the HC), waist-to-tallness-ratio (WTR) (WC divided by measured height in cm).
For the assessment of confounding conditions, physicians' diagnoses were used except for the following: dyslipidemia (levels of total cholesterol . 6.2 mmol/l (240 mg/dl), low density lipoprotein-cholesterol . 4.1 mmol/l (160 mg/dl) or high density lipoproteincholesterol , 1.0 mmol/l (40 mg/dl)) and hypertension (systolic blood pressure (SBP) $ 140 mmHg or diastolic blood pressure (DBP) . ¼ 90 mmHg or intake of antihypertensive medication (NHANES criteria)).
IGF-I measurements
Blood samples were collected and shipped by courier within 24 h to the central laboratory at the Medical University of Graz (Austria). IGF-I was measured with an automated chemiluminescence system (Nichols Advantage, Bad Vilbel, Germany). The maximal intraand interassay coefficients of variation were 5% and 7% respectively. Reagents and secondary standards were used as recommended by the manufacturer. IGF-I levels were transformed to age-dependent IGF-I SDS according to Brabant et al. (29) . 
Statistical analyses
BMI dependent IGF-I SDS means and standard deviations were illustrated with fractional polynomial fit after smoothing the means and standard deviations in each BMI class using the smoothing window BMI 2 1 to BMI þ 1. Multiple linear regression models were used to assess the influence of different nutritional parameters on IGF-I SDS, controlling for different diseases and risk conditions. Model fits were tested using the Pregibon link test. To account for the stratified sampling design, we calculated confidence intervals with the Huber-White sandwich method. The difference between the model proposed by Brabant et al. (29) and the model estimated in our sample was tested with a t-test, using the normality of regression coefficients. We also used a t-test for comparison of the IGF-I SDS levels in different age groups. All statistical analyses were conducted with the software package 
Results
There were no differences in IGF-I, BMI, or age among those who were fasted and the non-fasted subjects. We estimated the linear regression model used for calculation of the IGF-I SDS proposed by Brabant et al. (29) in our sample. Our model differed significantly (P , 0.001) from that of Brabant et al. The IGF-I SDS mean in our sample was 0.08 (P , 0.001) and 0.08 (P , 0.001) after exclusion of subjects with a BMI . 30 and , 18. Lower IGF-I SDS values (P , 0.001) were found in younger (mean ¼ 2 0.15, 18 -44 years) age groups and higher values (P , 0.001) in older age groups (mean ¼ 0.34, 66 þ years). The means of patients aged 45 -65 years were not different to zero. Therefore, we additionally adjusted for age in our regression analysis. IGF-I SDS were calculated in different BMI groups with a width of 2.5 starting from # 17.5 kg/m 2 as shown in Table 2 . In the total sample, IGF-I SDS increased with increasing BMI groups up to a BMI of 27.5 -30 kg/m 2 in women and 22.5 -25 kg/m 2 in men, and then decreased with further BMI increments. The maximum mean IGF-I SDS values were 0.21 and 0.08 in women and men respectively. When subjects with diabetes, cancer, renal or liver diseases or hormone replacement therapy were excluded, the results were very similar, with IGF-I SDS somewhat lower than in the total population. In this subset of 3983 subjects, peak mean IGF-I SDS values were 0.19 in women (BMI 27.5 -30 kg/m 2 ) and 0.05 in men (22.5 -25 kg/m 2 ). In men, high mean IGF-I scores of 0.08 and 0.07 were also found in the BMI groups of 35 -37.5 kg/m 2 and 37.5-40 kg/m 2 , which may be influenced by the small number of subjects included in these groups. Figure 1 shows the blotted IGF-I SDS in the total sample and after exclusion of subjects with diabetes, cancer, and kidney or liver diseases. Mean values and 1st and 2nd SDS are shown as smoothed lines. Table 2 also shows the means and standard deviations of IGF-I SDS among groups with different WC and WTR. Again, IGF-I SDS increased in the lower WC and WTR groups up to a maximum at a WC between 80 and 90 cm and a WTR between 0.55 and 0.65 for females and at a WC between 90 and 100 cm and a WTR between 0.35 and 0.45 for males, and then decreased with higher WC and WTR values.
To calculate which anthropometric parameter contributed most to explained variance (R 2 ) of IGF-I SDS, we carried out linear regression analyses with each nutritional parameter. As several conditions could possibly influence IGF-I SDS, we controlled for cancer, coronary artery disease, diabetes, hypertension, dyslipidemia, liver diseases, renal diseases, age, and intake of fibrates or sex hormone replacement therapy (HRT, in women). The results are shown in Table 3 . There was a weak negative association (indicated by a negative b-S.D.; an increase of one S.D. of the nutritional parameter leads to the indicated increase change of IGF-I SDS) of IGF-I SDS with BMI and other nutritional, anthropometric parameters in both men and women. BMI contributed most to the additional explained variance in the other health conditions. When analyzing subgroups with normal and underweight (BMI # 25 kg/m 2 ), overweight (BMI 25 -30 kg/m 2 ), and obese subjects (BMI . 30 kg/m 2 ), we found diverging results. In normal and underweight subjects we found a positive association between IGF-I SDS and BMI in men, but not in women. Subgroup analysis revealed that this effect was most pronounced in men aged 18 -44 years, but it was not significant in men of other age groups, whereas a significant positive association was found in women aged 65 years or older, but not in women of other age groups. There were no significant associations between IGF-I and BMI in overweight individuals. Obese women showed a marked negative correlation that was most pronounced in women aged 18 -44 years. In obese men, BMI was not significantly associated with IGF-I SDS but in the young age group, WHR was significantly negatively associated with IGF-I SDS. In most age subgroups, BMI added most to the explained variance compared with other anthropometric parameters. Only in men aged 18 -44 years did the WHR prove to have the strongest association with IGF-I SDS.
Discussion
To our knowledge, this is the largest study to date assessing the association of IGF-I with nutritional status. In addition, age-dependent IGF-I SDS calculated from the largest published reference sample for IGF-I measurement (29) were used instead of IGF-I levels to analyze associations between IGF-I and various nutritional parameters. By this approach, the confounding effects of the age-dependent decline in IGF-I levels could be excluded. The IGF-I SDS mean in our sample was slightly higher than zero and there was a less steep age-related decline than in Brabant et al. (29) . The reason for these differences is unclear. Possibly, differences in morbidities might have played a role. Due to this difference, we additionally adjusted for age in our regression analyses.
Our study clearly established opposite associations of nutritional parameters with IGF-I SDS in normal weight and obese subjects.
It is known that IGF-I levels are decreased in underweight individuals (15 -18) and this has been attributed to GH resistance. The present data extend this observation by showing a continuous increase in IGF-I SDS throughout the normal weight range in both sexes and even further in women. In men with a BMI # 25 kg/m 2 , we also found a positive correlation after controlling for possibly confounding health conditions and medications. This observation might indicate that GH sensitivity is not only reduced in severe underweight states, but also may steadily increase within the normal BMI range.
In obese subjects, on the other hand, mean IGF-I SDS decreased with BMI. This confirms the results of some (20 -22) but not all (23 -25) previous studies. In our subgroup of obese subjects, an increase of one S.D. of BMI led to a mean decrease of 0.13 and 0.06 IGF-I SDS in women and men respectively. In the literature, a more pronounced impairment of GH secretion in obesity is described, with a reduction of GH production to a quarter of that in normal weight subjects (30) . Based on these results on GH secretion in obesity, our results suggest that the reduction in GH secretion is only partially translated into reduced IGF-I secretion.
The reason for this is unclear, but again, an increase in GH sensitivity has been discussed (25) . In a population-based study with 400 subjects, a negative correlation of IGF-I with BMI was found that disappeared after adjustment for age (26) . We found significant effects of BMI, even after adjustment for age and other health conditions. Possibly, the larger sample number of our study has revealed these associations.
BMI adds about 1% to the explained variance of IGF-I SDS in the total population and up to 7% in obese subgroups. Overall, different health conditions only render about 3-8% of explained variance in the total group and up to 20% in obese subgroups. These results show that a major part of IGF-I SDS variance still needs to be explained by other factors not assessed in this study, such as genetics or others.
In some studies, a strong negative correlation of visceral fat mass with IGF-I has been found indicating that visceral fat rather than overall body mass determines IGF-I levels (27, 28) . We have studied several anthropometric indicators of visceral fat accumulation including the WC and the WTR, which have been shown to correlate with intra-abdominal fat (32) . Surprisingly, it was the BMI rather than these parameters that added most to explained variance of IGF-I SDS in our total population. However, in the subgroup of young men, the WHR had a better association with IGF-I than with BMI. Since in the study of Kunitomi et al. (28) , younger and middle-aged obese men were also investigated, differences between patient populations might be one important explanation for the differences between earlier reports and our study. Moreover, an age-dependent decline in IGF-I, excluded by our approach to the analysis of IGF-I SDS, might have further confounded the findings of previous studies.
The influence of BMI on IGF-I levels is of considerable relevance for studies investigating the association between IGF-I and various disease states. So far, only a few of these studies have adjusted their IGF-I values to BMI. Laughlin et al. (11) have, in a prospective study, investigated the association between IGF-I and cardiovascular risk in a large cohort of older adults from the Rancho Bernardo Study. They found a significant increase in both cardiovascular and all-cause mortality for every unadjusted IGF-I decrease of 40 mg/l (1 SD), which was still significant after adjusting for age. However, when adjusted for age, sex, BMI and prevalent disease, the difference was no longer significant.
In conclusion, our results indicate that BMI is a slightly better predictor of IGF-I than other anthropometric indicators of nutritional state, and they provide data on the magnitude of this influence in relation to age, BMI and sex. There are opposite associations of BMI to IGF-I SDS in normal weight and in obese individuals. The associations are particularly strong in obese subjects and, in addition, there are sex differences in some subgroups. The data stress the importance of clearly defining subject populations when analyzing the associations of hormonal parameters with nutrition and body composition. These interactions must be taken into account when studying the associations of IGF-I and health conditions that are related to obesity, such as cardiovascular diseases or cancer. Moreover, IGF-I is used to monitor therapy in acromegaly (4) and GH deficiency (1, 3, 33) . The association of BMI with IGF-I should be taken into account when titrating therapy in these patients and, possibly, age-and BMIdependent reference values should be considered in the future.
